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We have recently developed a micropore ultraviolet
irradiation technique. An isopore membrane ¢lter with
3 lm diameter pores shields ultraviolet C radiation
from cultured human ¢broblasts, leading to partial ir-
radiation within the cells with an average of about three
exposed areas per nucleus. This study addressed the
question of whether the spatial distribution of DNA da-
mage within a cell nucleus is important in triggering
ultraviolet-induced cytotoxicity. We have examined
whether there are di¡erences in cytotoxicity between
partially ultraviolet-irradiated cells and uniformly irra-
diated cells after equal amounts of DNA damage were
induced in the cell nuclei.We ¢rst determined DNA da-
mage formation in normal human ¢broblasts using an
enzyme-linked immunosorbent assay.We found that 5 J
per m2 ultraviolet irradiation produced an equivalent
amount of cyclobutane pyrimidine dimers and (6^4)
photoproducts per cell as 100 J per m2 with the mem-
brane ¢lter shield. At those doses, we found that both
types of ultraviolet irradiation induced similar levels
of cytotoxicity as assessed by a 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium assay. Both types of ultraviolet-irradiated cells
also had similar cell-cycle distribution and apoptosis as
measured by £ow cytometry. Moreover, no signi¢cant dif-
ferences in repair kinetics for either type of photolesion
were observed between the two di¡erent ultraviolet treat-
ments. Similar results were obtained in Cockayne syn-
drome cells that are defective in transcription-coupled
nucleotide excision repair. Present results indicate that in
the range of photoproducts studied, the spatial distribution
of DNA damage within a cell is less important than the
amount of damage in triggering ultraviolet-induced
cytotoxicity. Key words: apoptosis/DNA damage/DNA
repair/micropore ultraviolet irradiation/ultraviolet cytotoxicity.
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S
hort-wave ultraviolet (UV) radiation produces two ma-
jor types of photoproducts, cyclobutane pyrimidine di-
mers (CPD) and (6^4) photoproducts (6^4PP), between
adjacent pyrimidine nucleotides on the same strand of
DNA (Cadet et al, 1992). 6^4PP are formed at a rate
15^33% that of CPD (Mitchell, 1988; Clingen et al, 1995; Eveno
et al, 1995; Nakagawa et al, 1998). Such DNA damage can result in
a permanent arrest of DNA replication and/or transcription,
which leads to cell death (Friedberg, 2001). UV-irradiated human
cells attempt to remove these helix-distorting DNA lesions by
nucleotide excision repair (NER), which consists of creating in-
cisions of the damaged strand of the DNA duplex on both sides
of the lesion, releasing the oligonucleotide carrying the lesion,
and then ¢lling in the single-stranded gap and ligating the strand
(de Boer and Hoeijmakers, 2000). The major NER pathway
operates across the genome (global genome NER), whereas tran-
scription-coupled NER preferentially repairs DNA lesions that
block transcription (Hanawalt et al, 1994). Genetic defects in
NER are associated with three diseases characterized by extreme
sensitivity to UV: xeroderma pigmentosum, Cockayne syndrome
(CS), and trichothiodystrophy. CS is defective only in transcrip-
tion-coupled NER, and not in global genome NER (van Steeg
and Kraemer, 1999).
The induction of DNA damage activates cellular defense pro-
cesses mediated by accumulation of the tumor suppressor protein
p53 and overexpression of p53-regulated genes, which helps the
cell maintain genetic stability (Vogelstein et al, 2000). Indeed,
UV-induced DNA damage of an actively transcribed gene blocks
RNA polymerase II transcription, which triggers the nuclear ac-
cumulation of p53 protein (Yamaizumi and Sugano, 1994) and in-
duces cell death by apoptosis (Ljungman and Zhang, 1996).
Activated p53 protein inhibits cell-cycle progression by stimulat-
ing the expression of p21/WAF1, an inhibitor of cyclin-dependent
kinases (Harper et al, 1993; Terada et al, 1995), and induces genes
that regulate DNA repair, which include p48 (Hwang et al, 1999)
and p53R2 (Tanaka et al, 2000).
We have recently developed a technique that uses a micropore
¢lter mask to produce UV-induced DNA lesions in localized
areas of the cell nucleus (Katsumi et al, 2001). An isopore
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membrane ¢lter with 3 mm diameter pores shields UV radiation
from cultured human ¢broblasts, leading to partial irradiation
within the nuclei in the cells with an average of about three ex-
posed areas per nucleus. This micropore UV irradiation techni-
que, combined with £uorescent antibody labeling, has enabled
us to visualize not only the localized DNA damage, but also the
repair of damage and the accumulation of repair proteins at da-
maged sites (Katsumi et al, 2001;Volker et al, 2001;Wakasugi et al,
2002).While performing those studies, we realized that this is a
valuable technique that enables us to irradiate partially with UV
large numbers of cells at one time. So, we decided to apply this
technique in addressing an important question that has not yet
been answered, i.e., are there any di¡erences in cytotoxicity be-
tween partially UV-irradiated cells and uniformly irradiated cells
after an equivalent amount of DNA lesions have been induced in
their nuclei? In other words, do the cells with a localized, high-
density distribution of DNA damage in cell nuclei show similar
cytotoxicity to the cells with a uniform, low-density distribu-
tion? High-density, localized photoproducts could theoretically
exceed a threshold level that triggers the induction of cell death
by apoptosis (Oda et al, 2000) and/or exceed a level of maximal
DNA repair (Klocker et al, 1982).Thus, these photoproducts could
induce an enhanced sensitivity to UV compared with low-den-
sity, uniform ones. In contrast, if the total number of DNA le-
sions is critical for UV-induced cytotoxicity, there would be no
di¡erence in cell viability between the two types of UV expo-
sure.
In this study, we found similar cytotoxicity, cell cycle altera-
tions, and removal of photoproducts by DNA repair ability with
or without the membrane shield at UVdoses that yielded similar
amounts of photoproducts.
MATERIALS AND METHODS
Cells Normal human ¢broblasts (MSU-2) from newborn foreskin
were kindly provided by Dr James E. Trosko (Michigan State University)
(Mori et al, 1989). Fibroblasts (CS2OS) from skin of a CS patient
(complementation group A) were kindly provided by Dr Mituo Ikenaga
(Kyoto University) (Sugita et al, 1982). MSU-2 (passages 13^19) and
CS2OS (passages 13^15) cells were used for present experiments. Cells
were cultured in Dulbecco’s modi¢ed Eagle’s medium (Nissui Seiyaku,
Tokyo, Japan) supplemented with 10% fetal bovine serum (Dainippon
Pharmaceutical, Osaka, Japan) and antibiotics.
Micropore UV irradiation Micropore (localized) UV irradiation was
performed essentially as described previously (Katsumi et al, 2001). Brie£y,
cells were cultured in dishes for 1 or 2 d. After washing with Dulbecco’s
phosphate-bu¡ered saline, cells were carefully covered with a poly-
carbonate isopore membrane ¢lter (pore size, 3 mm; diameter, 25 or 47 mm;
Millipore, Bedford, MA). Filter-masked cells were then UV-irradiated
with ¢ve low-pressure mercury lamps (GL-10, Toshiba, Tokyo, Japan;
predominantly 254 nm UV) at a dose rate of 1.67 J per m2 per s at a
distance of 1.6 m. For whole-cell (uniform) irradiation, cells without a
¢lter, were irradiated with a low-pressure mercury lamp at a dose rate of
0.42 J per m2 per s at the same distance. Dose rates were monitored using
a UV radiometer (UVR-1,Topcon,Tokyo, Japan).
In situ visualization of localized DNA damage Immediately after
micropore UV irradiation (100 or 200 J per m2), cells were ¢xed and
cellular DNAwas denatured. CPD and 6^4PP were then visualized by an
immunologic method using TDM-2 and 64M-2 monoclonal antibodies
(Mori et al, 1991; Kobayashi et al, 2001), respectively, as described before
(Nakagawa et al, 1998; Katsumi et al, 2001). These antibodies speci¢cally
bind to CPD or 6^4PP in all dipyrimidine sequences (TT, TC, CT, and
TT) (Mori et al, 1991). Nuclear DNA was counterstained with propidium
iodide. Fluorescence microscopy was performed using a Leica DMIRB.
The £uorescent images of DNA photoproducts and DNA were
superimposed using Adobe Photoshop software.
Quantitation of induction and repair of DNA damage Cells were
labeled with 1.85 kBq per ml of [2-14C]thymidine (Amersham, Piscataway,
NJ, 2.18 GBq per mmol) in 175 cm2 £asks for 3 d. Cells (42106) were
then cultured in 100 mm Falcon dishes for 48 h in a radioisotope-free
medium. After washing with Dulbecco’s phosphate-bu¡ered saline, cells
were UV-irradiated partially or uniformly and were then incubated for
various times to allow repair. Immediately after irradiation or at various
times after UV irradiation, cells were harvested by trypsinization. Partially
irradiated cells, which had been marked on the dish bottom, were
exclusively isolated and harvested using cloning cylinders (diameter,
35 mm). Genomic DNA of UV-irradiated cells was puri¢ed using a
QIAamp Blood Kit (QIAGEN, Hilden, Germany). DNA concentrations
were calculated from the absorbance at 260 nm, and 14C-radioactivity of
DNAwas measured using a liquid scintillation counter (LSC-5100, Aloka,
Tokyo, Japan). CPD and 6^4PP were quantitated by an enzyme-linked
immunosorbent assay (ELISA) using TDM-2 and 64M-2 monoclonal
antibodies. Details of this method have been described previously
(Nakagawa et al, 1998). In brief, 96 well polyvinylchloride £at-bottom
microtiter plates, precoated with 0.003% protamine sulfate, were coated
with sample DNA (1.6 Bq per well for CPD, 32 Bq per well for 6^4PP).
In this study, equal amounts of radioactive DNA, instead of equal amounts
of DNA calculated from the absorbance at 260 nm, were coated in the
wells in order to correct for decreases in photolesions per DNA by
possible DNA replication during the post-UV incubation period; 1.6 and
32 Bq DNA corresponded to 15 and 300 ng DNA, respectively, of cells
without post-UV incubation. The binding of monoclonal antibodies to
photolesions in immobilized DNA in wells (in quadruplicate) was
detected with biotinylated F(ab0)2 fragment of goat anti-mouse IgG and
then with streptavidin peroxidase. The absorbance of colored products
derived from o-phenylene diamine was measured at 492 nm by Titertek
Multiskan Plus MK (Labsystems, Helsinki, Finland). For examining repair
kinetics, the percentage of the initial number of photolesions was
calculated at various times after UV irradiation using damage induction
standard curves.
Measurement of cytotoxicity Cytotoxicity was evaluated using an
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium] (MTS) assay (Promega Madison, WI). The MTS assay
yields a water-solubleformazan product, which is a great advantage over a
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT)
assay (Buttke et al, 1993). Cells (106) were cultured in 35 mm dishes for
24 h, and then were UV irradiated and harvested by trypsinization.
Partially irradiated cells were isolated and harvested using cloning
cylinders (diameter, 13 mm). Cells (2103) after localized or uniform UV
irradiation were plated in each well of 96 well tissue culture plates and were
cultured for 4 d.Viability was then assessed by the ability of cells to convert
MTS into formazan, which was quantitated spectro-photometrically.
Cytotoxicity is expressed relative to unirradiated cells.
Measurement of cell-cycle phase distribution and apoptosis by £ow
cytometry After localized or uniform UV irradiation, cells (2.5105 or
5105) were plated in 100 mm dishes and were cultured for 4 d. Cells
(both £oating and attached) were collected and ¢xed in 70% methanol
for 1 h, and then were treated with propidium iodide (50 mg per ml) and
RNase A (1mg per ml) for 30 min. The samples were then analyzed using
a (Becton Dickinson, San Jose, CA) FACScan £ow cytometer for DNA
content measured as propidium iodide £uorescence. Histograms were
generated from the £ow cytometric data using Cell Quest software. The
cell-cycle phase distribution was calculated using ModFit LT software.
The sub-G1 fraction, which contains lower £uorescent levels than the G1
fraction, was considered as the apoptotic cell fraction (Nicoletti et al, 1991;
Darzynkiewicz et al, 1992).
RESULTS
Micropore UV irradiation damages DNA within localized
areas of the cell nucleus Localized areas within cell nuclei
were UV irradiated using the micropore UV irradiation
technique. To ascertain whether localized areas were indeed UV
irradiated, two major types of DNA damage were visualized
in situ by the immunologic method. Figure 1 displays the
typical nuclear localization of immuno£uorescent CPD foci in
MSU-2 cells, the size and shape of which roughly resemble the
¢lter pores. The CPD focus number per nucleus varied from 1 to
6 (mean 2.9), depending on the random localization of pores in
the ¢lter. More than 80% of cells had two, three, or four foci
per nucleus with a mode of 3. A similar localization was
observed for 6^4PP foci (data not shown).
Localized UV irradiation with 100 J per m2 causes similar
levels of DNA damage as uniform UV irradiation with 5 J
per m2 We compared the DNA damage formation of cells
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partially UV irradiated or uniformly UV irradiated using an
ELISA (Fig 2). After uniform UV irradiation, the formation of
CPD and of 6^4PP increased with increasing UV doses. Both
types of DNA damage were also determined after localized
irradiation and compared with those uniformly irradiated. In
MSU-2 cells, we found that localized irradiation with 100 or
200 J per m2 produced the same amounts of CPD as did
uniform irradiation with 5.3 or 8.8 J per m2, respectively.
Similarly, localized irradiation with 100 or 200 J per m2 formed
the same amounts of 6^4PP as did uniform irradiation with 4.8
or 7.9 J per m2, respectively. Similar results were obtained in
CS2OS cells that are defective in transcription-coupled NER.
Localized irradiation with 100 or 200 J per m2 produced the
equivalent amount of CPD as did uniform irradiation with 4.2
or 8.2 J per m2, respectively. Similarly, localized irradiation with
100 or 200 J per m2 formed the equivalent amount of 6^4PP as
did uniform irradiation with 5.0 or 9.1 J per m2, respectively.
Cytotoxicity is not signi¢cantly di¡erent between localized
and uniform UV irradiation at levels inducing an equal
amount of DNA damage To examine possible di¡erences in
cytotoxicity between localized and uniform UV irradiation
forming equal amounts of DNA damage, we determined cell
viability 96 h after irradiation using the MTS assay. Cytotoxicity
increased with increasing UV doses after uniform or localized
irradiation (Fig 3). In MSU-2 cells, we found that localized
irradiation with 100 or 200 J per m2 matches uniform irradiation
with 5.2 or 8.3 J per m2 for cytotoxicity, respectively.These results
are consistent with those of DNA damage formation (Fig 4A).
On the other hand, CS2OS cells showed much higher UV
sensitivity than MSU-2 cells after both types of UV irradiation
because of the defect in transcription-coupled NER (Fig 3). It
was found that localized irradiation with 100 or 200 J per m2
matches uniform irradiation with 4.5 or 9.2 J per m2 for
cytotoxicity, respectively. Importantly, these results are also
consistent with those of DNA damage formation (Fig 4B).
No signi¢cant di¡erences in repair kinetics for either type of
photolesion were observed between localized and uniform
UV irradiated cells Localized and uniform UV irradiation
caused similar levels of cytotoxicity, suggesting there were no
signi¢cant di¡erences in DNA repair. To ascertain this, we
examined the di¡erences in DNA damage repair following
localized or uniform UV irradiation by an ELISA in MSU-2
cells (Fig 5). Two hundred joules per square meter localized UV
irradiation or 10 J per m2 uniformUV irradiation were performed
in order to produce similar numbers of, but di¡erent distribution
of DNA damage within the nuclei. Cells were able to repair 90%
of the initial 6^4PP within 2 h and removed 60% of the initial
CPD at 24 h after localized or uniform UV irradiation. No
signi¢cant di¡erences in repair kinetics for either type
photolesion were observed between the two types of UV
treatment.
Cell-cycle pro¢les and apoptosis do not di¡er signi¢cantly
between localized and uniform UV irradiation at doses
inducing similar amounts of DNA damage Factors
a¡ecting the UV-induced cytotoxicity detected by the 4 d MTS
assay can include inhibition of cell-cycle progression and/or cell
killing. So, we used £ow cytometry to compare cell-cycle phase
distribution and apoptosis 96 h after UV irradiation by the
two di¡erent exposure techniques in MSU-2 cells (Fig 6 and
Table I). With increasing doses of uniform UV irradiation, the
most signi¢cant change was the decreased number of cells in the
G1 phase, in addition to the increase in number of cells in the
G2/M phase. Localized irradiation with 100 or 200 J per m
2
displayed patterns of cell-cycle distribution that were similar
to those of uniform UV irradiation with 5 or 10 J per m2,
respectively. The fraction of sub-G1 (apoptotic cells) increased
with increasing UV doses after uniform irradiation. The fraction
of sub-G1 cells was 13.1 or 16.8% after uniform irradiation with 5
or 10 J per m2, respectively. Similar data of 12.2 or 16.3% were
Figure1. Micropore UV irradiation produces CPD in localized
areas of the nucleus.The nucleus on the left has two CPD foci, whereas
the nucleus on the right has three CPD foci.
Figure 2. Determination of DNA photoproducts after localized or
uniform UV irradiation using an ELISA. (A) MSU-2 cells. Localized
UV irradiation with 100 or 200 J per m2 produced the same amounts of
CPD as did uniform irradiation with 5.3 or 8.8 J per m2, respectively. Simi-
larly, localized UV irradiation with 100 or 200 J per m2 produced the same
amounts of 6^4PP as did uniform irradiation with 4.8 or 7.9 J per m2,
respectively. (B) CS2OS cells. Localized irradiation with 100 or 200 J per
m2 produced the equivalent amount of CPD as did uniform irradiation
with 4.2 or 8.2 J per m2, respectively. Similarly, localized irradiation with
100 or 200 J per m2 formed the equivalent amount of 6^4PP as did uni-
form irradiation with 5.0 or 9.1 J per m2, respectively. Each point shows
the mean7SD of four independent experiments. L100 and L200 show lo-
calized UV irradiation with 100 or 200 J per m2, respectively.
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obtained after localized UV irradiation with 100 or 200 J per m2,
respectively.
DISCUSSION
This study addressed the question of whether the spatial distribu-
tion of DNA damage within a cell nucleus is important in trig-
gering UV-induced cytotoxicity. The micropore UV irradiation
technique was used to examine e¡ects on the cytotoxicity of
equal amounts of DNA damage between cells given severe
DNA damage in localized areas of the nucleus and cells given
mild damage throughout the nucleus. Comparisons of DNA da-
mage formation and cytotoxicity between localized and uniform
UV irradiation in MSU-2 cells are shown in Fig 4(A), which
clearly shows that 100 J per m2 localized UV irradiation matches
5 J per m2 uniform UV irradiation not only for CPD and 6^4PP
formation but also for cytotoxicity. Similarly, 200 J per m2 loca-
lized UV irradiation matches 8.3 J per m2 uniformUV irradiation
not only for CPD and 6^4PP induction but also for cytotoxicity.
These results indicate that 100 J per m2 localized UV irradiation
or 5 J per m2 uniform irradiation (or 200 J per m2 localized UV
irradiation or 8.3 J per m2 uniform irradiation) produce similar
amounts of CPD and 6^4PP photolesions and cause similar levels
of cytotoxicity. In other words, there are no signi¢cant di¡er-
ences in cytotoxicity between partially UV-irradiated cells and
uniformly irradiated cells, when equal amounts of DNA damage
are induced in the cell nuclei. This is quite consistent with the
result showing that no signi¢cant di¡erences in repair kinetics
for CPD or 6^4PP were observed between localized and uniform
Figure 3. Localized UV irradiation with 100 or 200 J per m2
matched e¡ects on cytotoxicity in MSU-2 cells induced by uniform
irradiation with 5.2 or 8.3 J per m2, respectively. Similarly, localized
irradiation with 100 or 200 J per m2 matched e¡ects on cytotoxicity in
CS2OS cells induced by uniform irradiation with 4.5 or 9.2 J per m2, re-
spectively. Cytotoxicity was evaluated using a 4 d MTS assay. Each point
shows the mean7SD of three independent experiments.
Figure 4. Cytotoxicity is not signi¢cantly di¡erent between loca-
lized or uniform UV irradiation at doses inducing similar amounts
of DNA damage both in MSU-2 and CS2OS cells. Comparisons of
DNA damage formation and cytotoxicity between localized and uniform
UV irradiation were made using data from Figs 2 and 3.
Figure 5. No signi¢cant di¡erences in repair kinetics for CPD or 6^
4PP were observed following localized or uniform UV irradiation.
Two hundred joules per m2 localized UV irradiation () or 10 J per m2
uniform UV irradiation (J) were performed in order to produce similar
numbers of DNA damage. CPD (A) and 6^4PP (B) were then quantitated
by ELISA immediately after irradiation and after UV incubation. Each
point shows the mean7SD of four independent experiments.
Figure 6. Cell-cycle pro¢les do not di¡er signi¢cantly following lo-
calized or uniform UV irradiation at doses inducing similar
amounts of DNA damage. Cell-cycle phase distribution was determined
96 h after localized or uniform UV irradiation using £ow cytometry.Typi-
cal cell-cycle pro¢les are presented. Upper, uniform UV irradiation; lower,
localized UV irradiation.
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UV exposure methods (Fig 5). Thus, these combined results
suggest that it is the total amount of DNA damage in the cell
nucleus that is critical for UV-induced cytotoxicity, not the
local density.
Cytotoxicity, evaluated 96 h after UV using the MTS assay, can
result from inhibition of cell-cycle progression and from apopto-
tic and nonapoptotic cell death. Flow cytometry data indicated
that 100 J per m2 localized UV irradiation or 5 J per m2 uniform
irradiation displayed similar patterns of cell-cycle distribution
and induced apoptosis with similar frequencies. Similar results
were also obtained from the comparison between 200 J per m2
localized UV irradiation and 10 J per m2 uniform irradiation.
Thus, it is suggested that the total amount of DNA damage, not
the spatial distribution of DNA damage within a cell, is an im-
portant parameter for the inhibition of cell-cycle progression and
the induction of apoptosis following UV irradiation.
In MSU-2 cells, however, cell death by apoptosis (sub-G1 frac-
tion) was less than 20% of the total cytotoxicity (MTS assay) by
UV irradiation. In contrast, CS cells are known to be killed
mainly by apoptosis after UV, because they are unable to repair
DNA lesions that block transcription (Ljungman and Zhang,
1996). Comparisons of DNA damage formation and cytotoxicity
between localized and uniform UV irradiation have been done
using CS2OS cells (Fig 4B). There were no signi¢cant di¡erences
in cytotoxicity between partially UV-irradiated cells and uni-
formly irradiated cells, when similar amounts of DNA damage
were induced in the cell nuclei, indicating that in the range of
DNA damage studied, transcription-coupled NER de¢ciency
does not play a part in producing a di¡erence in triggering UV-
induced cytotoxicity (mainly apoptosis) between the two di¡er-
ent UV treatments. Thus again, it is suggested that the spatial
distribution of DNA damage within a cell is less important than
the amount of damage in triggering UV-induced apoptosis.
Ljungman and Zhang (1996) have suggested that it is not the
number of lesions in bulk DNA that is critical for the induction
of apoptosis following UV irradiation, but rather that it is the
presence and persistence of lesions in the transcribed strands of
active genes that is responsible for the triggering event. Thus, it
is conceivable that localized or uniform UV irradiation at doses
inducing an equivalent amount of DNA damage may produce
similar numbers of DNA lesions not only in bulk DNA but also
in the transcribed strands of active genes, as similar levels of
apoptosis were induced following both types of UV treatments
in normal and CS cells.
The present results reveal that such a high UVdose as 100 J per
m2 for localized irradiation is necessary to induce the same num-
ber of DNA lesions as does 5 J per m2 uniform irradiation. As the
induction rate of cyclobutane thymine dimers is known to be
0.0021^0.0024% of total thymines per J per m2 in human skin
¢broblasts (Klocker et al, 1982; Niggli and Rothlisberger, 1988), it
is calculated that 5 J per m2 uniform irradiation produces an aver-
age of 3.1105 cyclobutane thymine dimers per cell, assuming
that each cell contains 6 pg DNA (Ehmann et al, 1978). Although
the micropore irradiation produced 2.9 average damage spots per
nucleus, which occupied 10% of the nuclear area, our confocal
microscopy revealed that DNA photoproducts are produced in
only 5% of the nuclear volume because of attenuated UV pene-
tration through membrane pores (data not shown).We used ¢ve
UV lamps for localized irradiation, of which occupation is 41 cm
long and 41 cmwide.This wide distribution of UVemission may
result in forming angles to small pores and making attenuated
UV penetration. As a result, 20-fold di¡erences occur in the den-
sity of DNA lesions induced by 5 J per m2 uniform or 100 J per
m2 localized UV irradiation, Thus, we had predicted that high-
density, localized photoproducts could theoretically exceed a
threshold level that triggers the induction of cell death by apop-
tosis (Oda et al, 2000), and/or would exceed a level of maximal
DNA repair (Klocker et al, 1982), which would result in an en-
hanced sensitivity to UV compared with low-density, uniform
ones; however, the fact that we found no di¡erences strongly
argues against these possibilities.
In summary, at UV doses that yielded similar amounts of
photoproducts, we found similar cytotoxicity, cell cycle altera-
tions and removal of photoproducts by DNA repair ability with
or without the membrane shield.These results indicate that in the
range of photoproducts studied, the spatial distribution of DNA
damage within a cell nucleus is less important than the amount of
damage in triggering UV-induced cytotoxicity.
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Cell-cycle phase (%) 0 J per m2 5 J per m2 10 J per m2 15 J per m2
Sub-G1 10.773.1 13.174.1 16.872.4 26.178.2
G1 76.676.4 72.878.4 68.973.8 52.377.4
S 4.771.6 5.172.3 4.971.0 6.870.3
G2/M 6.772.3 7.571.9 8.570.6 12.971.1
Localized UV irradiation
Cell-cycle phase (%) 100 J per m2 200 J per m2
Sub-G1 12.273.5 16.372.3
G1 74.976.1 66.176.0
S 4.470.7 6.473.2
G2/M 7.572.0 9.170.8
Each value shows the mean 7 SD of three independent experiments.
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